Purified potato tuber (Solanum tuberosum L. cv Bintje) mitochondria contain soluble, highly latent NAD+-and NADP+-isocitrate dehydrogenases, NAD+-and NADP+-malate dehydrogenases, as well as an NADPH-specific glutathione reductase (160, 25, 7200, 160, and 16 nanomoles NAD(P)H per minute and milligram protein, respectively). The two isocitrate dehydrogenase activities, but not the two malate dehydrogenase activities, could be separated by ammonium sulfate precipitation. Thus, the NADP+-isocitrate dehydrogenase activity is due to a separate matrix enzyme, whereas the NADP -malate dehydrogenase activity is probably due to unspecificity of the NAD+-malate dehydrogenase. NADP -specific isocitrate dehydrogenase had much lower Kms for NADP+ and isocitrate (5.1 and 10.7 micromolar, respectively) than the NAD -specific enzyme (101 micromolar for NAD and 184 micromolar for isocitrate). A broad activity optimum at pH 7.4 to 9.0 was found for the NADP+-specific isocitrate dehydrogenase whereas the NAD+-specific enzyme had a sharp optimum at pH 7.8. Extemally added NADP+ stimulated both isocitrate and malate oxidation by intact mitochondria under conditions where extemal NADPH oxidation was inhibited. This shows that (a) NADP+ is taken up by the mitochondria across the inner membrane and into the matrix, and (b) NADP+-reducing activities of malate dehydrogenase and the NADP+-specific isocitrate dehydrogenase in the matrix can contribute to electron transport in intact plant mitochondria. The physiological relevance of mitochondrial NADP(H) and soluble NADP(H)-consuming enzymes is discussed in relation to other known mitochondrial NADP(H)-utilizing enzymes.
generated by autooxidation of redox components in the mitochondrial electron transport chain by 02 (9) , either directly or through the superoxide dismutase with superoxide radicals as intermediates; GR might participate in the removal of the H202 formed.
Another NADP(H)-utilizing enzyme, the nicotinamide nucleotide transhydrogenase, has also been reported to be present in plant mitochondria (3) . The transhydrogenase in animals is an energetically coupled membrane-bound enzyme catalyzing the conversion of NADH + NADP+ into NAD+ + NADPH and vice versa (12) . This reaction can also be accomplished without proton translocation by the mammalian complex I (24) and the two activities are difficult to distinguish.
Mammalian mitochondria are known to contain NADP(H) and to keep it in a much more reduced state than NAD(H). This reduction is thought to be carried out by the energylinked transhydrogenase mentioned above and an NADP+-ICDH (12) . Studies with the NADP'-ICDH inhibitor Dthreo-a-methylisocitrate on isocitrate oxidation by intact rat liver mitochondria have shown that a substantial part of the total isocitrate oxidation goes through the NADP+-linked enzyme (26) .
To see what possible ways NADPH could be generated in plant mitochondria we studied NADP+-reducing activities in intact, purified potato tuber mitochondria.
MATERIALS AND METHODS Isolation of Mitochondria
Mitochondria were isolated by a modification of the method of Petit et al. (23) . Locally purchased potato tubers (Solanum tuberosum L. cv Bintje) were homogenized with a juice extractor into a medium (170 mL/kg potatoes) initially containing 0.9 M mannitol, 30 mm Mops, 3 
NADP(H)-Utilizing Enzyme Activities
Purified potato mitochondria contain NADPH-GR and NADP+-dependent MDH and ICDH, the latter two highly latent (Table I) . This indicates that they are found in the matrix since the rate at which NAD(P)(H) crosses the inner membrane is several orders of magnitude lower than these enzyme activities (13, 29) . The somewhat lower latency of GR is probably an artifact; the nonlatent rate is difficult to determine accurately due to light scattering phenomena. The observation of GR activity in the matrix of purified mitochondria from potato tubers confirms a recent report that GR is found in pea leaf mitochondria (7) . Thus, GR may be a normal constituent of plant mitochondria. The activities of ICDH and MDH were much smaller with NADP+ as acceptor than with NAD+ (16 and 2%, respectively; (22) . To see whether the activity of NADP+-ICDH in the purified mitochondria could come from contaminating amyloplast membranes, enzyme activities of the crude mitochondria, the yellow 10/23% interface and the purified mitochondria were assayed (Table II) . The (Fig. 1) . Consequently, the 1.6 M pellet contained almost exclusively NAD+-ICDH and the 1.8 M supernatant almost exclusively the NADP+-linked enzyme which was fivefold purified compared to the intact mitochondria (Table III; cf Table I ). The separation of the two activities conclusively shows that they are caused by two different enzymes, one NAD+ specific and one NADP+ specific.
NADP Reduction by MDH
The fractions from the (NH4)2SO4 precipitation experiment were also assayed for NAD(P)+-MDH, but the two activities precipitated identically (results not shown). Thus, the NADP+ reduction is probably due to unspecificity of the NAD+-specific enzyme, although we cannot exclude the presence of a separate NADP+-specific MDH.
Comparison of the Properties of NADP -and NAD -ICDH
As the two ICDH activities are due to two different enzymes, each highly specific for its nucleotide (Table III) , Km measurements could be made directly on solubilized mitochondria (Table IV) . The NADP+-ICDH had 15-to 20-fold higher affinity for both its substrates than the NAD+-ICDH had, and followed Michaelis-Menten kinetics. Figure 2 shows the specific activities of NAD(P)+-ICDH as a function of the isocitrate concentration. The NAD+-ICDH is cooperative for this substrate. The co-operativity number was determined to be 3.9 using Hill plots. Co-operativity of NAD+-ICDH for isocitrate has previously been reported for pea (4) and potato (28) mitochondria, but with a Hill number of about 2.5.
The Km determinations for NADP+-ICDH was repeated on the partially purified fraction after further precipitation with (NH4)2SO4 and resuspension in 10 mM Pi (pH 7.2). The results were almost identical to those presented in Table IV (4) . The difference between our isocitrate SO.5 of 184 ,M and that of (28) may partly be due to different pH in the assay (7.4 in our investigation), since the S.5 increases with higher pH values (4) .
The very low Km of the NADP+-ICDH for isocitrate (see Fig. 2 (Table IV) it appears highly probable that sufficient NADP+ is present in the matrix to saturate the enzyme under normal conditions. The NADP+-ICDH does not show a typical pH optimum but has a maximal activity from 7.4 to 9.0 and declining rates at lower pH values (Fig. 3) . The pH optimum of 7.8 for NAD+-ICDH is in agreement with the literature (4, 28) . The pH of the cytosol has been determined to be about 7.5 with 31P NMR (25) , and the pH in mitochondria is probably slightly higher. This makes NADP+-ICDH a poor candidate for pH regulation. NAD+-ICDH, on the other hand, has a narrow pH optimum, which is shifted downward when the isocitrate concentration is lowered. In addition, it has pHregulated affinities for its substrates (4). 
NADP Stimulates Malate and Isocitrate Oxidation by Intact Mitochondria
The important question of how externally added NAD+ stimulated malate oxidation and removed its biphasic appearance was eventually explained by the specific uptake of NAD+ across the inner mitochondrial membrane (29) , and the presence of a rotenone-insensitive, low-affinity NADH dehydrogenase activity on its inner surface (19) . Once the NAD+ is taken up it displaces the MDH equilibrium toward NADH formation and engages the rotenone-resistant, lowaffinity NADH dehydrogenase, thereby increasing the 02-consumption in both states 3 and 4.
Like NAD+, added NADP+ stimulates malate oxidation by intact mitochondria (Fig. 4) . When added in the slow state 4, NAD+ and NADP+ increase the state 4 rate from 8 nmol 02 min-' mg-' to 15 and 12 nmol 02 min-' mg-', respectively, and the subsequent state 3 rate from 37 nmol 02 min-' mg-' to 65 and 53 nmol 02 min-' mg-', respectively ( (Fig. 4) . This is probably due to two factors: (a) the NADP+-ICDH has a greater activity compared to the NAD+-ICDH (16%) than the NADP+ activity of MDH has compared to its NAD+ counterpart (2%) (Table I) , and (b) the NADP+-ICDH has a higher affinity for isocitrate than the NAD+-ICDH has (Table IV; Fig. 2 94, 1990 The increase in the rate of isocitrate oxidation caused by NAD(P)+ is roughly the same at 3 and 10 mM isocitrate (Table  V) while the background activity increases. For NAD+ this is consistent with previously reported results ( 15) .
CONCLUSIONS
Based on our present knowledge we can now outline an NADP(H) cycle in the matrix of potato mitochondria (Fig.  5) . NADPH is produced by the NADP+-ICDH and oxidised to NADP+ again by GR which, in turn, reduces GSSG to GSH. The GSH can be used to reduce oxidised sulfhydryl groups in proteins (1) and to participate in the removal of activated oxygen species (27) .
The NAD+-ICDH has been considered a possible candidate for intramitochondrial regulation of the TCA cycle (30) , as it is the least active enzyme (20) , and since isocitrate is oxidized more slowly than other Krebs cycle intermediates (30) . NAD+-ICDH can be regulated by a variety of factors, pH, citrate activation, Mg2+, NADH, and substrate concentrations (4) . It is possible that the NAD+-linked activity is superimposed, when needed, on a more constant, but lower, NADPt-ICDH activity.
The role of the transhydrogenase (3) is difficult to evaluate as virtually nothing is known about its regulation in plant mitochondria. It might work both as an oxidase and reductase of NADP(H). The enzyme from beef heart, which has been extensively studied, is energetically coupled (12) mitochondrial enzyme it would be a delicate regulator of the reduction level of the matrix NADP(H) and NAD(H). We do not know the mechanism by which NADP+ is taken up across the inner mitochondrial membrane, but it might be transported on the NAD+ carrier described in (29) . However, that would complicate regulation of the mitochondrial NADP(H) concentration. Alternatively, NADP+ is transported on a separate carrier (Fig. 5) . Plant mitochondria have previously been shown, directly or indirectly, to take up the following coenzymes: ADP, ATP, NAD+, thiamine pyrophosphate and acetyl-CoA (6) . To this list we can now add NADP+.
We conclude that NADP+ can pass the inner membrane of potato mitochondria and become reduced to NADPH by an NADP+-specific ICDH or by MDH, to work as a substrate for NADPH-consuming enzymes like GR.
